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Abstract
This work examines the relation between phrasal structure and the control and coordination of
articulation within a dynamical systems model of speech production. In this context, we review how
speakers modulate the spatiotemporal organization of articulatorygestures as a function of their phrasal
position. We present computational simulations that capture several important qualitative properties of
these phrase boundaryeffects, such as prosodically -induced local slowing. This slowing is generated by
dynamical effects on the activation timecourse of articulatory gestures and is controlled by prosodic
gestures or p-gestures, which share much with the familiar dynamical description of constriction gestures.
Prosodic gestures, however, function at boundaries purelyto temporallystretch or shrink gestural
activation trajectories. This modulation of the ‘‘clock-rate’’ that controls the temporal unfolding of an
utterance near junctures is such that the clock slows increasinglyas the boundaryis approached and speeds
up again as the boundaryrecedes. Viewing phrase boundaries as warping the temporal fabric of an
utterance represents a promising conﬂuence of the ﬁelds of prosodyand of speech dy namics.
r 2003 Elsevier Science Ltd. All rights reserved.
1. Introduction
Spoken language relies on an elegant and intricate acoustic structure to support communication
between speakers and listeners. The temporal orchestration of articulatoryactivitythat produces
this acoustic signal is an essential element in the communication process. The complex messages
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tongue, lips, larynx, and respiratory system. Understanding the temporality of speech has proven
to be a formidable challenge. For example, it has become increasinglyclear that the temporal
patterning of a word’s articulation and its coordination with nearbywords is cruciallydependent
on the prosodic structure in which the words occur. The phonological speciﬁcation of a word does
not merely unroll along a linear timeline. In his classic work, James Gibson commented thaty
‘‘the ﬂow of ecological events is distinct from the abstract passage of timeyThe stream of
events is heterogeneous and differentiated into parts, whereas the passage of time is supposed to
be homogeneous and linear. Isaac Newton asserted that ‘‘absolute, true, and mathematical
time, of itself and from its own nature, ﬂows equablywithout relation, to any thing external.’’
But this is a convenient myth.’’ (Gibson, 1986, p. 100)
While Gibson’s focus was primarilyon the human perception of events in time, his point can be
understood also with respect to the human production of events in time. Below we review a
dynamical systems approach to speech production in which the ﬂow of time during an utterance is
sensitive to the prosodic structure of that utterance. Thus, rather than a conceptualization in
which abstract time is viewed as an immutable ﬂow that is indifferent to the concomitantly
evolving event patterns, our position echoes Gibson’s view that ‘‘abstract time is a ghost of the
events of the world’’ (Gibson, 1975).
2. Why a dynamical systems approach?
Phoneticians have long been confronted with a general puzzle: How can surface variabilityin
spoken language performance be explained in light of what is intuited as a fundamental
underlying invariance in control? This puzzle exists because of certain fundamental assumptions.
Linguists assume that words are built of a limited number of discrete units that can be combined
and recombined, and that these units have no independent meaning but are the building blocks of
words. Theyhave been referred to as phonological units. It is this capacityto (relatively ) freely
combine and organize phonological units that allows words to be coined easily. Further, the
existence of a small ﬁxed inventoryof phonological units for a given language is presumablyone
of the factors allowing for the successful acquisition of the complex skill of language use.
However, when the units are made manifest in word and sentence production, linguists have
recognized that their realization bythe articulatorysy stem, and consequent character presented to
the auditory system, is highly variable. As phonological units are structured into syllables and
phrases, their temporal and spatial characteristics are not constant but, rather, varysy stematically
as a function of the larger linguistic units in which theyare participating. Such variabilityhas been
discussed byphoneticians under the headings of coarticulation, coproduction, contextual
variability, and prosodic variability.
A dynamical systems framework allows an understanding of the relationship between
underlying units of control and surface variability of those units. In the following, we will
review the Task Dynamics model of speech production (e.g., Saltzman, 1986; Saltzman &
Munhall, 1989; Saltzman & Byrd, 2000a; see also Hawkins, 1992) and then explore how
prosodicallyconditioned surface variabilitycan be modeled within this framework. In particular,
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variability. This focus will allow us to explore a speciﬁc view of how underlying temporal
characteristics of linguistic units can be modulated for communicative ends in the production of a
particular utterance.
2.1. Task dynamics and articulatory phonology
A dynamical systems model is a set of laws or rules that specify the forces that change aspects of
a system over time. Such models have been used to capture characteristics of many natural
phenomena including the control of skilled human movement. In skilled human movement, many
moving bodyparts must be coordinated such that patterns are stable in space and time and can be
repeatedly generated. Dynamical systems models are useful in this regard because such a
framework provides a uniﬁed account not onlyof movement forms and their stabilityproperties,
but also of the way that these forms become altered as the system’s underlying parameter values
are changed (e.g., Saltzman & Kelso, 1987). Saltzman (1995) and Browman and Goldstein (1995)
discuss the application of these ideas to speech production.
We will frame our further discussion within a particular theoryof phonologyand a particular
dynamical architecture of the speech production system. Speciﬁcally, we adopt Articulatory
Phonology (Browman & Goldstein, 1986, 1990, 1992) as a formal theoryof phonological units and
their organization, and Task Dynamics (Saltzman, 1986; Saltzman & Munhall, 1989)a sa
quantitative model that implements these phonological units in the speech production system.
ArticulatoryPhonologyviews lexical representations as being composed of stable combinator-
ial units, called gestures, that are articulatoryin nature. A gesture is a goal-directed movement of
the vocal tract such as the formation of a constriction. Gestures have two functions (Browman &
Goldstein, 1992)—theyfunction as units of information, i.e., linguistic contrast, and as units of
action, i.e., speech production. This view of word structure and speech production postulates that
there is no mediation between the phonological representation and its implementation bythe
speech production system. The units of contrast/combination and those of articulation are one
and the same, and the representation includes all information necessaryfor the execution. This is
possible because of three properties of gestures. First, gestures are abstract. Theyare deﬁned in
terms of linguistic tasks (e.g., ‘‘achieve a narrow constriction using the tongue tip’’) not in terms of
speciﬁc movements (e.g., not ‘‘move the tongue tip, tongue body, and jaw through particular
distances in particular directions’’). Second, gestures have inherent spatiotemporal properties—
theyare instantiated/deﬁned in particular regions of vocal tract space and with particular
durational characteristics. Third, gestures are coordinated,o rphased, with respect to one another
in a manner that creates spoken utterances that cannot be described as simple (‘‘beads on a
string’’) sequences of discrete gestures. Rather, the pattern of relative phasing among gestures
involves temporal overlap, and this gestural coproduction causes competition for the articulators,
therebyy ielding coarticulatoryeffects that are ubiquitous in speech.
The gestural units of ArticulatoryPhonologyhave been computationallyimplemented using
the Task Dynamic model of sensorimotor control and coordination (e.g., Saltzman, 1986;
Saltzman & Munhall, 1989; Saltzman & Kelso, 1987). This model addresses the manner in which
an underlying invariant dynamical system can give rise to lawful, contextually-conditioned surface
variabilityin observed motion patterns of limbs and speech articulators. For modeling the
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deﬁned. The constriction level is deﬁned according to both model articulator (e.g., lips and jaw)
coordinates and tract-variable (i.e., vocal tract constriction system, e.g., lip aperture and
protrusion) coordinates. The activation level is deﬁned according to a set of gestural activation
coordinates. Gestural units are posited in the form of context-independent sets of intrinsic
dynamical parameters (e.g., target and stiffness coefﬁcients) and are associated with correspond-
ing subsets of activation, tract-variable, and model articulator coordinates. Each unit’s activation
coordinate represents a forcing function whose value reﬂects the strength with which that gesture
can shape or dominate vocal tract movements at anypoint in time. The tract-variable and model
articulator coordinates of each unit specify, respectively, the particular vocal tract constriction
(e.g., lip aperture) and articulatorysy nergy(e.g., lips and jaw) whose behaviors are affected
directlybythe associated unit’s activation. The constriction level deﬁnes the dy namics that
accounts for the coordination among articulators at a given point in time due to the currently
active gesture set. The activation level governs the temporal evolution of the activation trajectories
of individual gestures in an utterance as well as the patterns of relative timing or phasing among
the gestural units participating in the utterance. In ArticulatoryPhonology , the activation
intervals and parameter sets for a given word are speciﬁed according to a gestural score. A visual
representation of the gestural score for the word /bæn/ is shown in Fig. 1.
2.1.1. Timing and lexical representation
The lexical representation for a word must include the gestures (i.e., atomic phonological units)
of which the word is composed. So for the word /bæn/ this would include a lip aperture gesture, a
tongue bodygesture, a velum gesture, and a tongue tip gesture (see Fig. 1). The ﬁrst element of
lexical contrast is the tract variable afﬁliation of a gesture; this determines the vocal tract sub-
system that will perform the linguistically important constriction. Next, target parameter values
are part of the gestural representation of lexical items, since these values form the basis for the
system of phonological contrast in a language, for example contrasting constriction locations and
degrees. Lastly, the temporal organization of these gestures must be captured with some level of
detail in the lexical knowledge. After all, the same gestures occur in both ½b* æn  and [næb] but with
different temporal orderings.
Fig. 1. The gestural score for ½b* æn : Boxes indicate activation intervals, notation inside boxes indicates gestural
parameter values for constriction location and/or degree, and each tier indicates a particular tract variable. Tract
variable trajectories have been overlaid. (Adapted from C. Browman and L. Goldstein.)
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order of target achievement) is part of the relative timing speciﬁcation in a lexical entryremains a
difﬁcult question. In our view, a speciﬁcation of at least the allowable ranges or windows of
relative timing among the gestures in a given sequence must also be included (see, e.g., Byrd,
1996b; Docherty, 1992; Saltzman & Byrd, 1999, 2000a). This would allow patterns of intergestural
timing (e.g., between consonants in sequence) to be somewhat variable (see, e.g., Byrd, 1996a, b;
Docherty, 1992; Chitoran, Goldstein, & Byrd, 2002). An alternative view is that of Browman and
Goldstein (2000) in which pairs of gestures in a word are speciﬁed as participating in an explicit
and precise timing or phasing relationship. Phase relations are assigned byrule—for example,
consonants in clusters are speciﬁed as being phased such that there is no overlap between them,
while each onset consonant–vowel relation is speciﬁed as being synchronous (fully overlapped).
Finally, each of the phase relationships has an associated bonding strength that represents the
degree to which that relationship will yield in the face of other conﬂicting timing relationships in
which those gestures participate. That is, timing speciﬁcations are subject to a competitive
dynamics in which the speciﬁcations compete in a weighted fashion to produce the timing
observed, in for example CCV sequences.
Both of these approaches provide a means for describing how timing might playa critical role
in characterizing larger gestural molecules (i.e., phonological units larger than the atomic gesture)
such as segments and syllable onsets (Browman & Goldstein, 1989; Byrd, 1996b; Goldstein &
Fowler, submitted). Namely, such molecules are conceived of as having particularly cohesive
timing relationships (Byrd, 1996b; Browman & Goldstein, 1989; Goldstein & Fowler, submitted).
Despite their differences in details of implementation, both of these approaches acknowledge the
importance of incorporating information about the temporal relations of gestural units beyond
simple canonical order into the lexical representation of a word.
In the remainder of this paper we turn to a speciﬁc wayin which prosodically -conditioned
temporal variability can be conceptualized in a dynamical systems approach by our two-level
(activation and constriction) model of gestural patterning.
2.1.2. Constriction level: the virtues of gestural point attractors
Gestures are characterized qualitativelyas having point attractor dynamics at the
constriction level. Point attractor models with varying degrees of complexity have been used to
characterize manyskilled human movements, for example, reaching (for reviews see, e.g.,
Shadmehr, 1995; Mussa-Ivaldi, 1995; Flash & Sejnowski, 2001). Point attractors have important
properties which seem to be characteristic of speech behavior. For example, theyapproach
their target (or ‘‘equilibrium position’’) regardless of their initial position or unexpected
perturbations. This means that linguistic tasks (such as making a closure for a stop) can be
speciﬁed as attractors that move the vocal tract articulators toward the appropriate position for
that task regardless of their current (or past or future) positions. If two attractors (or
phonological tasks) are simultaneouslyexerting forces on the vocal tract, some accommodation
will be reached.
Let us consider a verysimple point attractor model: the damped mass–spring sy stem. Such a
system has been used to model the formation and release of vocal tract constrictions, and a
familiaritywith the parameters of such a sy stem will be important later when we explore
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dynamics of damped mass–spring systems include force components associated with four
parameters. The target parameter, x0, speciﬁes the position of the system’s mass when the spring is
at its rest length or equilibrium length. In ArticulatoryPhonology , the target position is the
constriction location or constriction degree for the particular vocal tract subsystem on which that
gesture is deﬁned (e.g., for the tongue tip for [d] or [s]). The mass parameter, m, is assumed to
uniformlyequal 1 for all gestures. The stiffness parameter, k, represents the elasticityof the sy stem
and is proportional to intrinsic gestural ‘‘speed.’’ A gesture with a lower stiffness (perhaps a
vowel) will have an intrinsicallylonger duration than a gesture with a higher stiffness (perhaps a
consonant). Finally, the damping parameter, b, is typically set to be ‘‘critical’’ in a gestural model
indicating that a gesture does not displaya succession of oscillatoryovershoots and undershoots
on approach to its target but rather moves toward it smoothly. Using Newton’s second law,
F¼ma, these parameters can be incorporated into an expression of the forces characterizing a
damped mass–spring system, or a simple point attractor, in the linear equation of motion shown in
Fig. 2.
Point attractor behavior characterizes not just many physical systems but behavioral/cognitive
systems as well. In fact, Plaut (1995) comments that ‘‘virtuallyall existing attempts to model
cognitive and neuropsychological phenomena have relied on ‘‘point’’ attractors’’ (p. 541). Thus,
within Task Dynamics, the mass–spring model is used not as a model of a ‘‘physical’’ system but
of the cognitive control of abstract linguistic units. In particular, constriction gestures are deﬁned
in tract-variable space and not at the level of the individual articulators. For example, the lip
closing gesture for a [b] is deﬁned in a relativelyabstract lip aperture space where the goal is to
achieve lip closure and is not deﬁned in a more concrete articulator space as separate movement
goals for the upper lip, lower lip and jaw. Setting x0 for this tract-variable point attractor to zero
lip aperture
2 will cause the articulators to move until the target ðx0 ¼ 0Þ is achieved or until they
are called awaybyanother overlapping (i.e., competing) gesture. (For a detailed description of
how task-space-deﬁned gestures are quantitativelyimplemented at the articulator level, see
Saltzman & Munhall, 1989.)
inertial force 
(assume m = 1) friction (damping) force
spring (elastic) force
distance from
target (rest) position
inertial force 
(assume m = 1) friction (damping) force
spring (elastic) force
distance from
target (rest) position
mx  +bx +k(x−x0)=0 . ..
Fig. 2. The equation of motion for a damped mass–spring system, or a simple point attractor.
2Actually, a negative lip aperture is a more realistic target since the lips compress on closure.
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give rise to contextually-conditioned surface variations in performance.
3 For example, a damped
mass–spring system (i.e., gesture) with an invariant target for [b] will yield contextually-variable
positions of the lips and jaw for the [b] in [bi] and [bæ]. These variations are due to the temporal
overlapping or coproduction of the gestures for [b] and the following vowel, and reﬂect a blending
at the articulatorylevel of gestural inﬂuences associated with attaining each gesture’s invariant
tract-variable goals. The temporal overlap of gestures is determined bythe relative timing of
gestural activation trajectories, which are shaped at the activation level of the model.
2.1.3. Activation level: the shaping of activation trajectories
In approaches relying on gestural scores for timing, the evolution of activation trajectories has
neither an intrinsic dynamics of its own nor is it coupled dynamically to the ongoing trajectories at
the constriction level. Thus, the activation trajectories for words are preplanned according to rules
of the phonologyand unidirectionallycoupled into the constriction level. In recent work
(Saltzman, L. ofqvist, & Mitra, 2000; Saltzman, 1999), we have explored how activation dynamics
might be deﬁned both independentlyof anyother dy namical level and also in a manner that
incorporates ongoing modulatory feedback from the constriction level. Roughly, the dynamical
system for activation can be conceptualized in terms of a ‘‘clock’’ whose timeﬂow is mapped into a
pattern of sequentiallyordered and temporallyoverlapping gestural activations and which is
sensitive to the ongoing state of the constriction-level variables. In this view, the clock provides a
temporal context for an utterance bydeﬁning a phase-angular ﬂow relative to which gestural
timing is speciﬁed. When the clock rate is uniform throughout its cycle, clock time (phase) is
linearlyrelated to the ﬂow of ‘‘real-time’’ as measured, for example bya stopwatch held byan
external observer. This kind of uniform clock rate can be conceived in terms of a global clock-
frequencyparameter that remains constant over a period of observation. However, experimental
phase-resetting results (Saltzman, L. ofqvist, Kay, Kinsella-Shaw, & Rubin, 1998), in which
mechanical perturbations delivered to the articulatoryperipheryact to transientlyspeed the ﬂow
of the utterance, not onlyrequire the existence of such a clock but also show that the clock rate is
not necessarilyuniform throughout an utterance. More speciﬁcally , this result is consistent with
the hypothesis that the perturbation is fed back to the underlying clock whose rate is transiently
increased through a corresponding increase in the value of the clock’s frequencyparameter. The
presence of such feedback modulation from the perturbed articulatoryperipheryhas led to a
related proposal that clock rate is continuously, albeit subtly modulated by ongoing unperturbed
articulatorystate ( Saltzman et al., 2000). Additionally, it has been proposed by several
investigators that articulatoryclock rate is also modulated according to an utterance’s segmental
and syllabic structure (Bailly, Laboissi" ere, & Schwartz, 1991; Barbosa & Bailly, 1994; Laboissi" ere,
3We have suggested that gestural parameter values (as well as the tract variable on which a gestures is deﬁned) form
the basis for stable phonological representation. It is worth noting that ‘‘stable’’ in this context does not implyabsolute
invariance. We suggest that experience and recencyplayan important role in ‘‘tuning’’ parameter values of gestural
representations of words. Gestural parameter values are determined bythe language user byan ongoing process of
continual updating. This is not a new idea—though we have posed it speciﬁcallyin terms of gestural parameter
tuning—and has been suggested with respect to VOT drift by Sancier and Fowler (1997). Sancier and Fowler describe
experimental results indicating that relative timing of gestures (VOT for a Portuguese–English bilingual) is tuned in an
on-going fashion as a function of recent experience (e.g., language setting).
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Vatikiotis-Bateson, Hirayama, Honda, & Kawato, 1992; for a review of related time-warping
approaches in the acoustic domain see van Santen, 1997). In this paper, we explore the hypothesis
that clock rate is modulated bythe phrasal structure of utterances according to the action of what
we have labeled prosodic gestures (p-gestures). We will return to the details of our p-gesture
hypothesis in Section 4, where we describe the manner in which these gestures might account for
durational effects associated with phrase boundaries.
At ﬁrst blush, our adoption of a clock to pace the ﬂow of gestural activation appears to place
this model in the categoryof the so-called extrinsic timing models. In these types of model,
exempliﬁed by Klatt (1976) or Ferriera (1993) and reviewed in Fowler (1980), time and temporal
properties are not part of the purelysy mbolic representation of linguistic units. Rather, the
temporalityof a unit is onlyprovided in performance through the operation of an executor that
recruits the units in a particular serial order and timing pattern, with reference to a timekeeper or
clock that is extrinsic to the units themselves. In contrast, intrinsic timing models are characterized
bythe incorporation of temporalityinto the deﬁnition of the units themselves. In the gestural
approach, this property is a consequence of specifying gestures as dynamical systems that by
deﬁnition incorporate laws governing behavior over time. Although we will invoke a clock to
control the ﬂow of gestural activation, we consider our model to fall into the intrinsic timing
category. This is because the activation level dynamics of the clock and the constriction level
dynamics of the gestural units are bidirectionally coupled and hence form a single higher-order
dynamical collective.
3. Temporal patterning in speech production
Let us now turn to a categorization of four types of timing phenomena in speech—global,
transgestural, intergestural, and intragestural—and how theyare handled within the dy namical
systems approach that we have outlined.
Global timing refers to the temporal properties of an entire utterance, e.g., overall speaking
rate, governed in part bysociolinguistic, dialectal, and individual factors.
Transgestural timing refers to modulations of the timing properties of all gestures active during
a localized portion of an utterance; i.e., local accelerations and decelerations.
Intergestural timing refers to the relative coordination among gestures; and
Intragestural timing refers to the temporal properties of a given gesture, e.g., the time from
gestural onset to peak velocityor to target attainment.
It would be convenient to imagine that there is a different speciﬁc dynamical source for each of
these phenomena. In the case of global timing, for example, it is reasonable to attribute global
timing to the value of the central clock’s frequencyparameter. However, there do not appear to be
single dynamical sources that account for the other three categories of timing phenomena. Rather,
as is the nature of any multidimensional and multilayered complex system, the macro-level
behaviors emerge from the conﬂuence of activitydistributed throughout the sy stem.
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constriction-level dynamics of individual gestures (e.g., relating to a gesture’s stiffness and target
parameters), but also in the activation-level dynamics that shape each gesture’s activation
waveform and the relative timing among an utterance’s set of gestural activations. For example, at
least two dynamical sources potentially could give rise to transgestural timing phenomenon, that
is, temporallylocal modulations of the durational properties of all concurrentlyactive gestures.
First, previous work (Beckman & Edwards, 1992; Edwards, Beckman, & Fletcher, 1991; Byrd &
Saltzman, 1998) has described how changes in the gestures’ intrinsic constriction-level dynamics,
for example in gesture stiffness at a phrase boundary, might give rise to a local slowing of gestures
in the vicinity of the boundary. However, a second possibility, which for reasons described below
we consider to be more felicitous, views transgestural timing phenomenon as primarilyresulting
from the transient modulation of clock rate at the system’s activation level.
Intergestural and intragestural timing phenomena are even more multifaceted. One wayof
conceiving the shaping of individual gestural activation trajectories as well as the relative timing
among a set of gestures is to consider how the state of the activation-level’s clock is mapped onto
gestural activations. Imagine that in a word a particular gesture’s onset, rise to an interval of
maximal activation, and fall to offset are characterized byan associated set of lexically -speciﬁed
gestural phase angle parameters on the clock. The trajectoryshapes of individual gestural
activation waveforms as well as the relative timing patterns among an utterance’s gestural set will
be shaped bythe relation between the clock’s evolving phase angle and the phase angle parameter
values of the gestural set. For example, as the clock crosses a given gesture’s onset phase, the
gesture will ‘‘turn on,’’ i.e., its activation value will begin to rise from zero; while the clock is
within the gesture’s maximum phase range, the gesture will be maximallyactivated; when the
clock moves out of this region, activation will decrease; and when the clock passes the gesture’s
offset phase angle, the gesture’s activation value will reach zero and the gesture will ‘‘turn off.’’
4
Relatedly, intergestural timing for a given gestural set will be in part determined by the relations
among the phase angle parameter values associated with each gesture in the set. It will also be
affected bythe rate of the clock as it moves through the angles of these parameter sets. It is
worthwhile to consider the phenomenon of intergestural truncation (Harrington, Fletcher, &
Roberts, 1995; Edwards, Beckman, & Fletcher, 1991) from this perspective. Truncation and its
converse, de-truncation, refer to the kinematic consequences of the sliding in time of gestural
activation waveforms relative to one another. For two gestures sharing articulators, when the
leading edge of a following gesture slides backward into the trailing edge of a preceding gesture,
the kinematic trajectoryof the ﬁrst gesture will be truncated—i.e., its duration will shorten and
spatial extent will be smaller. Conversely, when the second gesture slides downstream away from a
preceding gesture, the ﬁrst will be detruncated—i.e., realized more fully, being larger and longer.
4Interestingly, it seems reasonable to hypothesize that the phase angle parameters of the gestural sets of lexical items
are language speciﬁc. For example, the anticipation intervals of gestures maybe deﬁned as the time between gestural
onset and target attainment. These intervals have been shown to displaydifferent degrees of temporal elasticityacross
languages (e.g., Abry& Lallouache, 1995 ; Saltzman et al., 2000). Bytemporal elasticity , we refer to the relationship
between a given gesture’s activation interval and a preceding interval before target attainment in which there are no
conﬂicting gestures. In English, for example, anticipation intervals are relativelyﬁxed regardless of the length of the
preceding no-conﬂict intervals; in French, however, the anticipation periods stretch in proportion to the lengths of the
no-conﬂict intervals.
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in the phase angle parameter sets of the gestures in question, while another would involve changes
in the rate of the clock as it passes through the parameter sets of the gestural set. This serves as an
example of how multiple dynamical sources can affect intergestural timing phenomena.
Finally, intragestural timing phenomena likewise can be traced to multiple dynamical sources in
this model. For example, the degree of symmetry of a gesture’s velocity trajectory is deﬁned by the
time from a gesture’s kinematic onset to its peak velocitydivided bythe time from kinematic onset
to offset. We have shown previouslythat this measure is sensitive to the relationship between the
value of a gesture’s constriction level stiffness parameter and the rise-time of the gesture’s
activation (Byrd & Saltzman, 1998). In turn, the activation rise time is affected byboth the phase
angle parameter set of the gesture and the rate of the clock as it ﬂows through these phase angles.
In summary, all four types of timing phenomena we outlined can be accounted for with
reference to the dynamics of a two-level model incorporating both activation-level and
constriction-level dynamics. In general, however, with the exception of global timing, the
temporal properties of speech kinematics are multifaceted in their dynamic origins.
4. Boundary-adjacent lengthening
In the last two decades, linguistic descriptions of prosodic structure and of its relation to
syntactic structure have ﬂourished (e.g., Selkirk, 1984; Pierrehumbert & Beckman, 1988; Nespor
& Vogel, 1986; Shattuck-Hufnagel & Turk, 1996; Beckman, 1996; Steedman, 1991, 2000). Here we
will use the terms prosodyand prosodic structure to refer to linguistic structure above the level of
the gesture, segment, or syllable—speciﬁcally accentual prominence and phrasal organization.
Examples of these are:
Accentual prominence: There’s no smoking on the planey(but you can drink.)
There’s no smoking on the planey(but you can smoke if
you take the train.)
Phrasal organization: When teenagers drive quicklytheyget tickets.
(organization 1: When teenagers drive quickly, they get tickets.)
(organization 2: When teenagers drive, quicklytheyget tickets.)
Prosodyserves multiple purposes. Phrasing serves to group informational units together into
appropriate ‘‘chunks’’ for cognitive processing for a speaker. It mayalso aid listener processing
due to the salient temporal and pitch modulations that occur at phrase edges (see, e.g., Cutler,
Dahan, & van Donselaar, 1997; Koiso, Shimojima, & Katagiri, 1998; Price, Ostendorf, Shattuck-
Hufnagel, & Fong, 1991; Sanderman & Collier, 1997; Schafer, 1997; Schafer & Speer, 1997;
Schepman & Rodway, 2000). Prominence or accent directs the attentional resources of the listener
to new and/or important information in the discourse (see, e.g., Cutler et al., 1997; Birch &
Clifton, 1995). It mayalso reﬂect speaker strategies for focusing on this important information in
production.
The use of intonation in encoding prosodic information has been studied for manydecades. In
more recent years, speech scientists have begun to establish a picture of how phrasal and accentual
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work, we will be considering speciﬁcallyvariation in the temporal patterning and spatial
patterning of articulation at phrase boundaries.
Three phenomena in particular have been described as occurring at phrase edges—in simplistic
terms, gestures get longer, larger, and farther apart. In addition to being motivated byspeakers’
cognitive needs, the instantiation of phrase boundaries is potentiallyan important communicative
event signaling the informational structure of an utterance to listeners. Each of these effects can be
viewed as increasing the perceptual salience of (i.e., ‘‘marking’’) a phrase boundaryfor a listener.
Lengthened gestures allow longer perceptual exposure to the acoustic cues of these gestures and
longer intervals during which to process this information. Lessened overlap prevents constrictions
from obscuring one another and provides information in the acoustic signal at anyparticular
point that (more) uniquelycues the listener to the presence of a single particular gestural unit
rather than providing (more) parallel, coproduced information about multiple gestures. Under
certain circumstances, even increases in spatial magnitude might provide more robust acoustic
cues to recovery.
Let us ﬁrst consider the previous articulatoryﬁndings regarding boundary -adjacent
lengthening. At phrase edges, both initial and ﬁnal, articulatorygestures have been observed to
undergo a local lengthening (increased duration) (Beckman, Edwards, & Fletcher, 1992; Byrd &
Saltzman, 1998; Byrd, 2000) and, sometimes, slowing (decreased peak velocity) (Cho, 2001,
submitted). Changes in peak velocityof phrase initial closing gestures are observed by Cho (2001,
submitted) who ﬁnds slower peak velocities for gestures following stronger boundaries.
Lengthened lingua-palatal contact for closure seals of stops in initial position is observed by
Fougeron (2001) and Cho and Keating (2001) for French and Korean, respectively. Fougeron
(2001) remarks that ‘‘the occlusion is initiated and even achievedyduring the preceding pause’’
(p. 123). In situations without a silent interval between phrases, lengthening of articulation in
phrase-initial position contributes to the acoustic lengthening (e.g., ‘‘ﬁnal lengthening’’) that has
long been recognized at the end of a phrase. In particular, if a phrase initial constriction takes
longer to achieve, greater acoustic ﬁnal lengthening is likelyto result. Signature changes in the
shape of the movement trajectoryof these lengthened gestures (e.g., longer times to peak velocity )
indicated that a lowering of the stiffness parameter for gestures in the vicinityof the phrase edge—
a controlled local slowing—might be a possible source of the lengthening (Beckman et al., 1992;
Byrd & Saltzman, 1998; Byrd, 2000). However, other works have suggested that stiffness
modulation is insufﬁcient to characterize the full range of kinematic changes at boundaries
(Saltzman & Byrd, 2000a,b; Cho, 2001, submitted). Rather than focusing solelyon manipulating
the stiffness parameter values of individual gestures, the approach we will outline to controlling
this local slowing is bymodulation of an utterance’s temporal fabric in the vicinityof phrasal
boundaries.
5 This idea was presaged by Gaitenbyin her classic 1965 paper ‘‘The Elastic Word’’ in
which she described the (acoustic) stretching and shrinking of words in continuous speech and
suggested that prepausal lengthening be considered as a speech rate phenomenon.
5In fact, such strategies appear to be at work in another domain of skilled human action—musical performance. For
example, Repp (1998) notes that at anyparticular point in a performance the music’s structure maybe more or less
temporallystretchable.
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How can these phrase boundaryeffects on articulatorytiming be captured within a dy namical
model? Or more generally, how can apparently atemporal symbolic linguistic structure exert in a
principled fashion the effects needed to explain the observed patterning of low-level inherently
temporal action units? In Byrd, Kaun, Narayanan, and Saltzman (2000) and Byrd (2000),w e
described a conceptual approach to boundary-adjacent slowing. We suggested the view that
phrase boundaries are instantiated bya p-gesture (or prosodic-gesture) that acts transgesturallyto
slow all concurrentlyactive constriction gestures in proportion to the activation level of the p-
gesture. Just as articulatorygestures have inherent durational properties and are temporally
coordinated and potentiallyoverlapping with other gestures, p-gestures also have an extent in
time and overlap with vocal tract constriction gestures. A schematic gestural score for two
gestures spanning a phrase boundarythat is instantiated via a p-gesture is shown in Fig. 3. This
might, bywayof concrete example, be the opening (release) gesture for the tongue tip and the
following bilabial closing gesture for the underlined consonants in the utterance
‘‘ByeDad:Pickmeupatsix.’’ But it should be emphasized that we consider our simulations to be
generic in the sense that the modeled gestures are not meant to represent anyspeciﬁc consonant or
vowel and their corresponding dynamical characteristics; rather, our gestural scores are meant to
represent the activityof a set of abstract gestural point attractors, in order to keep our model as
generalizable as possible at this earlyexploratorypoint.
The p-gesture’s maximum level of activation is determined bythe prosodic boundarystrength
(boundarystrength could, for example, be viewed as the number of aligned domain edges).
Prosodic gestures are notablydifferent from constriction gestures (whose dy namics are that of
point attractors in tract-variable space) in that p-gestures have no independent articulatory
realization and are onlyrealized vicariously via their effect on the constriction dynamics. In our
earlier work (Byrd et al., 2000), we suggested that the p-gesture affected the stiffness parameter
values of the concurrentlyactive constriction gestures. The stronger the boundary , the greater the
degree of stiffness lowering and, hence, local slowing that occurs for the boundary-adjacent
articulatorygestures with which the p-gesture overlaps. In the work below, we show the
shortcomings of this stiffness-modulation approach and propose an alternative—namely, that the
p-gesture locallyslows the clock that controls the timeﬂow of an utterance.
Fig. 3. A schematic gestural score for two gestures spanning a phrasal boundaryinstantiated via a p-gesture.
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segmental events. The p-gesture approach still anchors prosodic events (nonconstriction events) to
segmental events (constriction events), but allows a ﬂexible temporal relationship such that the
prosodic events mayoverlap the segmental events and need not preciselyshare an edge with an
individual gesture, segment, syllable or phrase. In contrast, for example, while Fujimura’s (2000)
C/D model also recognizes the inﬂuence of boundaries of different strengths, his boundarypulses
are locked to phrase edges and also act on preplanned activation trajectories in a rather different
fashion than our p-gestures.
The nature of the temporal coordination of p-gestures with constriction gestures (and
intonational gestures) and the durational extent of p-gestures, which could conceivablybe related
to boundarystrength, is a critical topic for continued research. It appears that maximal phrasal
effects in the articulatorydomain are observed close to the juncture but that lesser effects extend
out from the juncture, perhaps in the same degree regardless of boundarystrength (see Cambier-
Langeveld, 1997). For example, Cho (2001, submitted) found that in an (unaccented) sequence of
(lip) opening][closing–opening the temporal characteristics (i.e., lengthening) of the pre and
postboundaryopening were ‘‘much the same’’ (though onlythe closing gesture immediately
following the boundaryhad a lower peak velocityand larger movement at stronger boundaries).
In summary, our proposal of p-gestures represents a ﬁrst step in approaching a dynamical
implementation of phrasal structure within ArticulatoryPhonology . We extend Browman and
Goldstein’s idea that the fundamental units in speech production are dynamical, serving both
informational and implementational ends simultaneously, to include phrasal structure—in a
turtles-all-the-way-down (up) approach. Further, the separation of prosodic units and articulatory
units in the speech production process allows the prosodic pattern to be abstracted from any
particular utterance and draws an equivalence between the same prosodic structure when it is
realized on different utterances.
6 This approach entails several predictions for speech patterning,
which are reviewed in the remainder of Section 4. Section 5 goes on to describe simulations of the
kinematic consequences of p-gestures and evaluates the results in terms of experimental data from
the literature. At the end of Section 5, we present an exploration of the model’s parameter space.
Finally, Section 6 concludes by considering outstanding challenges for the approach.
4.1.2. Implications of p-gestures as phrasal junctures
The p-gesture approach to implementing phrase boundaries in a dynamical model of speech
production makes several predictions.
(1) It predicts that constriction gestures of whatever sort will undergo lengthening if theyare
active during the domain of p-gesture activation (i.e., if theyoverlap the p-gesture).
This prediction receives some support in Byrd (2000), which demonstrates that vowels seem to be
lengthened just as consonants (Byrd & Saltzman, 1998; Beckman et al., 1992). It is also supported
for lengthening following a boundaryby Fougeron (2001) which found lengthening for /t, k, n, l,
s, i, * >/ in French.
Further, based on the studies reviewed in Section 4 regarding boundary-adjacent articulatory
lengthening of phrase initial gestures as well as phrase ﬁnal gestures, we assume that, in English at
6We thank MaryBeckman for this observation.
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make the parsimonious assumption of onlya single p-gesture at a juncture. Given these
assumptions, further predictions follow.
(2) The degree of slowing will be greatest as the p-gesture’s maximum activation is approached
at the phrase edge.
This prediction receives some support in Byrd and Saltzman (1998) and Byrd (2000), who ﬁnd
that in [yC1V1#C2V2y] sequences, V1 and C2 are affected more than C1 and V2. Berkovits’
(1993a,b, 1994) acoustic studies demonstrate a pattern of progressivelygreater lengthening within
a ﬁnal syllable such that ﬁnal consonants lengthen more than preceding vowels. Such data are
consistent with the hypothesis that peak activation of the p-gesture occurs at the edge of the
phrase and activation wanes more remotelyfrom this edge. This also ﬁts comfortablywith
Edwards et al.’s observation that ‘‘ﬁnal lengthening has a smaller, but still discernable, effect on
the penultimate gesture of the phrase’’ (1991, p. 381).
Next, because p-gestures occur at junctures, phrasal lengthening effects are predicted to be local
to junctures. That is, it is predicted that:
(3) Effects will be limited to gestures near the domain edge and will not occur at gestures quite
remote from it.
In her acoustic study, Cambier-Langeveld (1997) showed that while the amount of lengthening
(corresponding here to p-gesture magnitude) is greater for larger boundaries, the domain of
lengthening (corresponding here to p-gesture duration) does not change. Fletcher (1991) in
interpreting her acoustic data from an experiment on ﬁnal lengthening in French similarly
comments that ‘‘[f]inal lengthening of accented syllables appears to involve a neutral lengthening
isolated to the latter part of the syllabley’’ (p. 211). She contrasts this with accentual lengthening,
which appears throughout the syllable. In their articulatory study, Edwards et al. (1991) describe
ﬁnal lengthening as a ‘‘targeted slowing down at a phrase edgeythat is local to the ﬁnal gesture in
the phrase.’’ While we suggest that a p-gesture will predominatelyeffect edgemost constriction
gestures, its effect will be felt on anyof the gestures with which it is coarticulated; under the
assumption that the p-gesture is anchored to the prosodic juncture, these will be gestures closest to
the phrase edge. However, because p-gestures must be coordinated in time with constriction
gestures, a more complex range of empirical behavior is in principle possible (assuming that our
currentlyparsimonious theoretical assumptions are relaxed, obviating prediction three). For
example, this theoretical approach does not preclude the possibilitythat in some languages the p-
gesture might be attracted, perhaps due to stress, to a syllable earlier in the phrase-ﬁnal word (see
for example Shattuck-Hufnagel & Turk, 1998). In this case, the maximal slowing effect will be
observed on these gestures since theyare now in a coproduction relationship with the p-gesture.
Next, given the above assumptions, this approach predicts that:
(4) The dynamical source of intragestural duration and intergestural timing effects is the same
at right and left domain edges (i.e., phrase-ﬁnal and phrase initial edges) (though these effects
maywell be different in degree or in kinematic characteristics depending on the coordination of
the p-gesture with constriction gestures).
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stimuli in initial and ﬁnal positions, Byrd and Saltzman (1998), Byrd et al. (2000), and Cho (2001,
submitted) provide some support for this in that articulatorylengthening was observed for both
phrase-initial and phrase-ﬁnal positions. It is noteworthythat the temporal changes, which we
hypothesize to arise from p-gestures, can have indirect consequences on spatial magnitudes of
constriction gestures. We return to this topic in Section 5.3.1.
Lastly,
(5) Boundaries of different strengths (or different categories of boundaries: intonational phrase,
intermediate phrase, etc.) are also expected to not be distinct in type of effect, onlyin degree.
Again, Byrd and Saltzman (1998) ﬁnd some support for this in that lengthening occurred at both
large and small boundaries in their study, though in different amounts. Similar results are
reported by Cho (2001, submitted).
5. Modeling prosodic gestures
In this section we evaluate the utilityof the prosodic gesture model of boundaryadjacent
lengthening byquantitativelymodeling the effects of p-gestures on articulatorypatterning
and evaluating the simulated results relative to the kinematic ﬁndings of larger, longer, and
less overlapped gestures. First, we discuss the technical assumptions underlying the
simulations. Next, we brieﬂydemonstrate whystiffness-lowering as a mechanism to produce
ﬁnal lengthening, such as the general approach explored by Byrd and Saltzman (1998) and
Beckman and Edwards (1992), maybe less than ideal for capturing the boundary -adjacent
phenomena that have been observed. Finally, we present an account of p-gestures implemented
via clock modulation that yields a more adequate account of the transgestural effects observed at
boundaries.
5.1. Simulation foundations
In the discussion to follow, we focus on the primaryoral constriction and release gestures
involved in the production of segments near a boundary, though as we point out above, all tract
variable gestures coproduced with the p-gesture are predicted to be affected. The simulations
implement (1) two constriction gestures in the same or different tract-variables, (2) the neutral
gestures associated with the releases of these constriction gestures, and (3) an overlapping
prosodic gesture deﬁned within a prosodic tier distinct from the model’s set of constriction-related
tract variables and centered between the two constriction gestures. In all simulations presented,
we have assumed for purposes of simplicity, a one-to-one mapping of articulators to tract
variables, i.e., there is onlyone articulator associated with each tract variable. Under this
assumption, the system’s equations of motion for a single constriction gesture deﬁned in a given
tract-variable are as follows:
. x ¼ . xc þ . xd ð1aÞ
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. xc ¼  acðtÞbc’ x   acðtÞkc½x   acðtÞxo;c ð 1bÞ
. xd ¼ð 1   acðtÞÞ½ bd ’ x   kdðx   xo;dÞ  ð1cÞ
In Eq. (1), x, and ’ x denote the tract variable’s position and velocity, respectively, and . x denotes
the total tract-variable acceleration; . xc is the acceleration due to the constriction gesture; and . xd is
the acceleration due to the tract variable’s neutral (d for ‘‘default’’) gesture. The role of the neutral
gesture in the full task dynamic model (Saltzman & Munhall, 1989) is to bring the vocal tract
articulators back to a neutral position when theyare not otherwise being activelycontrolled bya
constriction gesture. (Without a neutral attractor, articulators could simplybe ‘‘stuck’’ in a
constricted posture if not called awaybyanother gesture.) Given our assumption in the present
simulations of a one-to-one mapping between articulators and tract variables, the neutral gesture
is deﬁned directlyat the tract-variable level. In these simulations, the release of gesture 1 is
governed bythe neutral attractor, whose activation strength trajectoryis simplythe complement
of the preceding constriction’s activation strength. (While in the current implementation, releases
are governed bythe neutral attractor and are affected bya p-gesture in the same wayas active
constriction gestures, in fact, ultimately, releases may more appropriately be variously deﬁned—
e.g., as neutral attractors, as active gestures (Browman, 1994), or as uncontrolled aerodynamic
events—and ultimately, these events might behave differently under the inﬂuence of p-gestures.)
Gestural activation for the constriction gesture, ac(t), controls the approach of the current
parameter values for both constriction and neutral gestures (see Eq. (1)) toward their underlying
or canonical values using multiplicative gating. For example, if an active constriction gesture’s
underlying stiffness value is kc, the tract-variable’s current working value is kc
*=ac(t) kc.
Similarly, if the neutral gesture’s underlying stiffness value is kd, its current working value is
kd
*=(1–ac(t)) kd.
Until relativelyrecently , activation trajectories have been modeled as step functions (i.e., as on/
off ‘‘boxes’’ in gestural scores; see Fig. 1). However, in our present work we use activation
functions with gradual rises and falls,
7 deﬁned byEq. (2) and illustrated in Fig. 4 (see Byrd &
Saltzman, 1998; also Kr. oger et al., 1995):
aðtÞ¼
0; if ðtoton;1Þ
0:5f1   cosðor½t   ton;1 Þg; if ðton;1ptoton;2Þ
1; if ðton;2ptotoff;1Þ
0:5f1 þ cosðof½t   toff;1 Þg; if ðtoff;1ptotoff;2Þ
0; if ðtXtoff;2Þ
8
> > > > > > <
> > > > > > :
ð2Þ
As can be seen in Fig. 4, an activation waveform is described as a half-cosine rise followed bya
ﬂat plateau followed bya half-cosine fall. The half-cosine function is a simple monotonically
7It has been recognized for quite some time that using step-function waveshapes to deﬁne gestural activations (or GO
signals, forcing functions, or equilibrium point trajectories) is an oversimpliﬁcation (see, e.g., Bullock and Grossberg,
1988; Coker, 1976; Kr. oger, Schr. oder, & Opgen-Rhein, 1995; Ostry, Gribble, & Gracco, 1996; Perrier, Ostry, &
Laboissi" ere, 1996). For example, activation step functions are unable to generate gestural velocityproﬁles with
appropriate degrees of temporal asymmetry (e.g., Bullock & Grossberg, 1988; Byrd & Saltzman, 2000).
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fall time of the leading/trailing edge of the waveform.
As outlined above, we model the inﬂuence of a prosodic boundarybyincorporating a prosodic
gesture within a prosodic tier that is distinct from the set of tract-variable tiers currentlyused to
deﬁne constriction gestures in the model. Each prosodic gesture is afﬁliated with a phrase edge.
Since we wish to examine the effects of p-gestures on both pre and postboundarygestures local to
the juncture, we deﬁne a p-gesture whose peak is centered ‘‘at the boundary,’’ i.e., centered
between the constriction gestures, and that, for simplicity’s sake, has symmetrical leading and
trailing edges. (In Section 5.4, we explore the consequences of relaxing these assumption regarding
a p-gesture’s shape and relative timing.)
For parsimony’s sake and without evidence to the contrary, we choose to adopt the same
activation waveform shapes for p-gestures as for constriction gestures, as deﬁned in Eq. (2). The
choice of a half-cosine function for the rise and fall portions of activation waveforms (e.g., Byrd &
Saltzman, 1998) has been a conservative one, and has allowed us to simulate details of gestural
kinematics that would have been impossible to generate using step-function waveshapes (Byrd &
Saltzman, 1998).
5.2. Transgestural stiffness modulation
Before turning to simulations of clock slowing due to a p-gesture, it is useful to examine the
primaryproposal currentlyin the literature for modeling boundary -adjacent lengthening within
the task dynamic framework. This is the stiffness modulation account suggested by Beckman and
colleagues (e.g., Beckman & Edwards, 1992) and Byrd & colleagues (e.g., Byrd et al., 2000; Byrd,
2000). We will see that while adequate in certain respects, this approach is less than entirely
satisfactory.
In the stiffness-modulation simulation, prosodic gestures affect articulatorymovements by
affecting the stiffness parameter values of all concurrentlyactive constriction and neutral gestures.
In particular, for each constriction and neutral gesture that is co-active with a p-gesture, stiffness
(kc or kd) is reduced (to k 
c or k 
d; respectively) in proportion to the strength of the p-gesture as
follows:
k  ¼ð 1   a   apÞ k ð3Þ
where a is the boundaryor prosodic strength of the p-gesture (0pap1), and ap is the activation of
the p-gesture (0papp1).
Fig. 4. The activation function used in the gestural simulations to follow.
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phrase-medially. The heavy arrows in the bottom panel indicate the duration of the opening
movement for gesture one and the closing movement for gesture two, measured between velocity
zero-crossings.
In a second simulation, shown in Fig. 6, we see the effect of a stiffness-modulating p-gesture on
the movement trajectories for two gestures spanning a phrase boundary. In this simulation, the p-
gesture is centered between the two constriction gestures and has an arbitraryprosodic strength of
0.3. Again, the heavyarrows indicate movement durations adjacent to the boundary .
The inset on the right of Fig. 6 demonstrates that, as expected, boundaryadjacent lengthening
occurs under the inﬂuence of the p-gesture. Also, a comparison of Figs. 5 and 6 shows that the p-
gesture reduces the peak velocities of these gestures, as expected with modulating stiffness.
Finally, notice that the slowing is greater ‘‘phrase’’ ﬁnally than initially, a result that is in accord
with the empirical literature which focuses on phrase-ﬁnal effects. In our simulations, this pattern
of asymmetric lengthening is due to the fact that the stiffness-lowering p-gesture does not change
the activation timing of constriction gesture onsets or their offsets (these offsets coincide with
onsets of the associated neutral release gestures; see Eq. (1). As a result, stiffness modulation has
onlya slight effect on the observed onset and offset of phrase-initial closing associated with the
second constriction gesture. The onset of this gesture is caused bythe target shift awayfrom
Fig. 5. Movement trajectories for two overlapping gestures with no p-gesture, i.e., phrase-medially. Heavy arrows in the
bottom panel indicate the duration of the opening movement for gesture one and the closing movement for gesture two,
measured between velocityzero-crossings. (For displaypurposes, all velocitytrajectories have been multiplied by
scaling factors of 0.025.)
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of the target shift back to the neutral position, that is, the gesture’s activation offset or,
equivalently, the activation onset of the associated neutral gesture. Had the activation interval of
gesture 2 been extended long enough for this phrase-initial closing to reach its target (i.e., had no
truncation been involved), then lengthening of this gesture due to its lowered stiffness would have
been comparable to that of gesture 1’s phrase-ﬁnal neutral release. This release is, in contrast,
substantiallyelongated since its endpoint is deﬁned (purelykinematically ) onlyas its time of
return to neutral position, which proceeds unimpeded. Finally, the small delay effect on the
observed kinematic onset (deﬁned from the velocitytrajectory ) of the phrase-initial closing (see
Table 1) also contributes to the lengthening of the gesture 1 release.
5.2.1. Variation in relative timing at phrase edges
A second change that has been reported at phrase boundaries is that the relative timing of
gestures becomes less overlapped. This has been shown for gestures spanning a boundaryin Byrd
et al. (2000), for gestures initial in a phrasal domain by Hardcastle (1985), Jun (1993), and
Keating, Cho, Fougeron, and Hsu (1999), for gestures earlyin a phrasal domain by McClean
(1973), and for gestures ﬁnal in a domain (for at least one subject) by Edwards et al. (1991).
Stiffness scaling, however, does not account for changes in relative timing, as noted by Edwards
et al. (1991). In fact, in our simulations, the amount of gestural overlap actuallyincreases with the
stiffness scaling associated with a p-gesture (see Table 1). This is due primarilyto the fact that
stiffness scaling does not inﬂuence the timecourse of gestural activations that govern the switching
between successive gestural targets.
Fig. 6. Movement trajectories for two gestures spanning a phrase boundary. The p-gesture is centered between the two
constriction gesture and has an arbitraryprosodic strength of 0.3. Heavyarrows indicate movement durations adjacent
to the boundary. (For display purposes, all velocity trajectories have been multiplied by scaling factors of 0.025.)
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duration and relative timing, and we hypothesized that both types of prosodic effects might be
captured by time slowing at the gestural control level—i.e., slowing the timecourse of gestural
activation. This is because the transgestural process of slowing a hypothesized central clock would
have both intragestural and intergestural timing consequences.
8 This implements the suggestion of
Edwards et al. (1991) that ‘‘ﬁnal lengthening is like a localized change in speaking tempoy[that]
cannot be equated directlywith the speciﬁcation of stiffness.’’ (p. 369)
5.3. Simulations of clock slowing
In the following simulations, we move from a p-gesture whose transgestural effect is on gestural
stiffness parameters to a p-gesture whose transgestural effect is on the timecourse of gestural
activations—i.e., the p-gesture acts to slow the speed of a hypothesized underlying central
clock whose rate of timeﬂow determines the local utterance rate.
9 Thus, whereas in our
Table 1
Simulation results for two gestures of different tract variable—result column one includes no p-gesture, column two
includes a p-gesture implemented via stiffness scaling, column three includes a p-gesture implemented via time scaling
(i.e., clock slowing)
Two gestures, different tract variables No p-gesture (a=0) p-gesture using
stiffness scaling
(a=0.4)
p-gesture using time
scaling (a=0.3)
Lowering onset time (s) 0.0902 0.0932 0.0976
Lowering offset time (s) 0.1632 0.1854 0.1792
Lowering duration (s) 0.0730 0.0920 0.0816
Raising onset time (s) 0.0942 0.0962 0.1062
Raising offset time (s) 0.1572 0.1622 0.1802
Raising duration (s) 0.0630 0.0660 0.0740
Kinematic overlap (‘‘C2 inside C1’’):
ðlowering offset time   raising onset timeÞ
lowering duration
0.9452 0.9675 0.8946
Kinematic overlap (‘‘C1 inside C2’’):
ðlowering offset time   raising onset timeÞ
raising duration
1.0952 1.3515 0.9865
For the phrase ﬁnal gesture, duration was measured from time of lowering onset (ﬁrst sample less than –1.0 velocity
units) to lowering offset (ﬁrst sample greater than –1.0 velocityunits); phrase initial gestural duration was measured
from time of raising onset (ﬁrst sample greater than +1.0 velocityunits) to raising offset (ﬁrst sample less than +1.0
velocityunits).
8Byrd and Saltzman (1998) explored the effects on gestural velocity proﬁle asymmetries of prosodically-conditioned
variations in the rise times of gestural activations (in conjunction with variation of gestural stiffness values). These
simulations did not invoke clock-slowing, did not link slowing to the time-course of p-gestures, and onlyfocused on the
intragestural consequences of a single gesture’s activation rise-time. In contrast, our current paper links clock slowing
explicitlyto the activation timecourse of the p-gesture and deals with the effects of such prosodically-modulated slowing
on the intragestural (amplitude and duration) and intergestural (relative timing) kinematic properties of a pair of
(simulated) gestures.
9These simulations were presented in preliminaryform in Saltzman and Byrd (2000b).
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‘‘standard’’ time (t), in our clock-slowing simulations all activations (a(t)) are functions of the
scaled clock time (t). In these simulations, the p-gesture modulates clock time as follows:
’ t ¼
d
dt
t ¼ð 1   aapÞð 4Þ
where t is unscaled time whose rate of change, ’ t, is bydeﬁnition equal to 1.0; a is the prosodic or
boundarystrength of the p-gesture; and ap is the p-gesture’s activation.
From this equation it can be seen that when the p-gesture is inactive, ’ t ¼ 1; clock time
is the same as standard unscaled time. However, when a p-gesture is active, clock time is
slowed in proportion to the p-gesture’s activation level, resulting in the transgestural temporal
‘‘stretching’’ of all associated activation waveforms (constriction, neutral, and p-gestures). In
Fig. 7, we see the difference between unscaled and scaled (i.e., slowed) time evolution (upper
panel) as well as the effects of time slowing on the timecourse of a single gestural activation (lower
panel).
Thus, a p-gesture whose effect is to slow the rate of time ticks of a central clock will induce
transgestural and local slowing of the time course of an utterance. It is worth noting that
modulating clock rate is equivalent to modulating the instantaneous frequencyparameter of an
underlying oscillatory timekeeper.
10
Fig. 8 presents the simulation results for two constriction gestures spanning a phrase boundary
where the phrase boundaryis realized bya p-gesture that causes central clock slowing or time-
stretching of the gestural activations.
The effect of this clock slowing is to stretch the gestural activations and, consequently, the
movements. Note that this stretching is not uniform; the amount of slowing increases as a p-
gesture’s activation reaches and leaves its maximum. If the p-gesture is centered at the boundary,
this means that stretching will be greatest closest to the boundary. Clock slowing causes gestures
to be longer (increased duration) and slower (lower peak velocities). Such a pattern is reported for
phrase initial closing gestures by Cho (2001, submitted). However, it is important to be mindful of
the fact that changes in a gesture’s displacement can also affect peak velocity; bigger gestures are
often faster. This means that peak velocityvalues mayor maynot be observed to be lowered at
boundaries depending on the complex interplayof temporal and spatial changes, and this seems
to agree with the generallyinconsistent ﬁndings regarding prosodicallygoverned peak velocity
changes. For example, Cho (2001, submitted) ﬁnds no peak velocitychanges or displacement
changes in a [ybV][bVy] sequence for either of the pre and postboundarylip openings, but
slower and larger closings immediatelyafter the boundary(we refer onlyto Cho’s unaccented
data). However, the ﬁndings of Edwards et al. (1991) for lip opening, show faster and larger
10Viewed in this way, clock modulation can be interpreted as parameter-dynamic process. Note, however, that
modulation of clock rate is not equivalent to modulation of delta-t in a discrete simulation. Delta-t modulation would
simplytime warp the trajectories of all sy stem variables—activation, tract, and articulator. The result would be a
temporal stretching of all these trajectories, with no changes to anyof their magnitudes. One of us (Saltzman) had used
such delta-t modulation in a non-prosodic context (Saltzman et al., 2000). Our current clock rate modulation model
serves to stretch onlythe sy stem’s activation trajectories, without changing their spatial characteristics. Since the
activation trajectories serve effectivelyas forcing functions that drive motions of the tract and articulator variables,
temporal changes in activation trajectories result in both temporal (e.g., gestural durations and intergestural timing)
and spatial (maximum amplitudes and peak velocities) changes in tract and articulator variable trajectories.
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experimental data have patterned variouslyin this regard, tending at boundaries to show slower
peak velocities for comparable displacements but faster peak velocities when displacements
increase, as theyoften do. Interestingly , Cho’s data are for full vowels while Byrd and Saltzman
(1998) and Edwards et al. (1991) uses reduced vowels. This suggests that in Cho’s studythe
Fig. 7. Upper panel: Unscaled time evolution (dotted) and time evolution with time scaling (i.e., slowing) (solid).
Bottom panel: The timecourse of a single gestural activation as it is stretched due to time slowing.
Fig. 8. Simulation results for two constriction gestures spanning a phrase boundarywhere the phrase boundaryis
realized bya p-gesture (strength¼0.3) that causes central clock slowing or time-stretching of the gestural activations.
(For displaypurposes, all velocitytrajectories have been multiplied byscaling factors of 0.025.)
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consequentlyless affected byit.
Signiﬁcantly, in our simulations boundary-induced clock slowing not only increases gestural
durations but also results in a decrease in gestural overlap (see Table 1). Such overlap changes are
reported in Byrd et al. (2000). Decreases in overlap likelycontribute to the previous ﬁndings
(Edwards et al., 1991), noted above, of larger displacements for preboundaryopenings involving
reduced vowels, as the jaw and lips would have more time to lower before being required to turn
around for the postboundarylip closings. Of course, the separate (single articulator, single tract
variable) gestures in our simulations have no common articulators to be affected byoverlap
changes.
To summarize thus far, implementing the p-gesture as clock slowing enables us to unifythe two
empiricallyreported phrase edge phenomena of lengthening and lessened overlap under a single
dynamical ‘‘umbrella.’’
5.3.1. Spatial magnitude effects at phrase edges
Gestures have been reported to be spatiallylarger in phrase initial position. This phenomenon
has been dubbed ‘‘initial strengthening’’ in work by Fougeron and Keating (1997), Cho and
Keating (2001), Keating et al. (1999). More generallythese authors have used the term initial
strengthening to refer to increasing the perceptual saliencyof prosodic boundaries. In fact,
various phenomena have been proposed to fall under the rubric of initial strengthening. These
include increased lingua-palatal contact for lingual consonants (Fougeron & Keating, 1997;
Keating et al., 1999), longer VOTs (Jun, 1993, 1995; Cho & Jun, 2000), lower RMS [h]s
(Pierrehumbert & Talkin, 1992), and more lip rounding in rounded vowels (van Lieshout,
Starkweather, Hulstijn, & Peters, 1995) in phrase initial positions. These ﬁndings and their
apparent common sensitivityto phrase boundaries, encourage us to consider whether modulation
in the temporal domain mayhave signiﬁcant consequences in the spatial domain. Fougeron and
Keating (1997) and Cho and Keating (2001) suggest that, at least in certain languages, increased
lingua-palatal contact in phrase initial position might result from a lack of undershoot (in the
sense of Lindblom, 1963) in that position due to increased segmental duration. While we do not
suggest that all ‘‘initial strengthening’’ phenomena are necessarilythe result of temporal changes
related to phrasal structure, it seems worthwhile to consider the temporal domain when
attempting to understand spatial variability. Certain instances, though perhaps not all, of initial
strengthening might have their foundation in clock slowing. In fact, we have alreadyseen that p-
gestures can lessen gestural overlap, possiblyaccounting for the longer VOTs in phrase initial
position. Regarding the linguapalatal contact data for French presented in Fougeron (2001),
Fougeron notes that there is more contact when the phrase initial segment is preceded bya large
ﬁnal lengthening, and she suggests that the lengthening and strengthening mechanisms maybe
related, or, in fact, one and the same. Also, the degree of phrase-initial lengthening of closure
duration in French and Korean also seems to be correlated with amount of linguapalatal contact
during stops (Fougeron, 2001; Cho & Keating, 2001), though this correlation is weaker in English
(Fougeron & Keating, 1997).
Fig. 9 illustrates the results of a simulation in which two constriction gestures within the same
tract-variable are deﬁned in ‘‘phrase’’ initial position; i.e., the p-gesture initiates the sequence
rather than intervenes between the two constriction gestures. The constriction gestures undergo
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are meant to emulate a lingual consonant and vowel gesture, as this was the type of sequence
examined byKeating, Fougeron, and colleagues. Accordingly , gesture 1 has a positive target
position (closed) and gesture 2 has a negative target position (open). [Since both gestures are now
deﬁned within the same tract-variable (emulating the tongue dorsum constriction), their intrinsic
parameters (i.e., target, stiffness, and damping) are therefore blended such that the resultant,
ongoing tract-variable parameters become activation-weighted averages of these intrinsic
parameter values (see Saltzman & Munhall (1989) for further details on parameter blending).]
This might, bywayof concrete example, roughlybe the gestures for the underlined consonants in
the utterance ‘‘ByeDad:Gottago:’’ (though recall these simulations are for single-articulator
gestures, which [g] and [a] are not).
As shown in Fig. 9 and Table 2, the simulated constriction gestures in phrase initial position are
longer in duration and less overlapped (as indicated, for example, bythe lengthened time between
peak velocities) in the presence of a p-gesture. As a further consequence of this overlap change,
the p-gesture causes the (consonantal) closing gesture to become larger in spatial magnitude and
to increase its duration and degree of closure or contact (as indicated bythe magnitude of
movement above the arbitraryhorizontal reference in Fig. 9).
Thus it seems that transgestural perturbations of clock rate due to a p-gesture that locally
slows time ﬂow in an utterance can result in appropriate kinematic changes not onlyin the
temporal domain but also in the spatial domain. In further exploration of initial strengthening
phenomena it will, we believe, prove useful to examine concurrentlyboth gestural magnitude
and the timecourse of the actual associated kinematic movement trajectories from movement
Fig. 9. Simulation results in which two constriction gestures (a closing followed bya widening) within the same tract-
variable are deﬁned in ‘‘phrase’’ initial position, i.e., the p-gesture initiates the sequence rather than intervening between
the two constriction gestures. The constriction gestures undergo clock-slowing under the inﬂuence of the p-gesture
(strength¼0.4).
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clock-slowing effects from other constriction-related changes, such as increased gestural
magnitude in initial position or under accent, or weakening/reduction in particular prosodic
environments.
5.4. Exploration of model parameters
In this ﬁnal section on the clock-slowing simulation of p-gestures, we present a brief
exploration of the model parameters in order to conveya sampled range of the qualitative
kinematic variation generated bythe model that can serve as a foundational reference for further
exploration of clock-slowing. In Fig. 10, examples A and B serve as reference for the examples in
the rest of the ﬁgure. Example A shows the constriction activation trajectories and gestural state
(position and velocity) trajectories when there is no p-gesture (as in Fig. 5). Example B shows the
same trajectories when a clock-slowing p-gesture is added (a symmetrically shaped p-gesture
with an arbitrarystrength of 0.3 centered between two constriction gestures). In the remaining
parts of the ﬁgure, the left column shows an early(C) and late (D) temporal alignment of the p-
gesture with the constriction gestures. The middle column shows a weaker (E) and stronger (F) p-
gesture centered between the two constriction gestures. The right column shows a centered,
symmetric p-gesture with shortened rise and fall times and a plateau at maximum activation (G),
followed bya positively(H) and negatively(I) skewed p-gesture with no plateaus centered
between the two constriction gestures. For all examples, activations and gestural kinematics are
shown.
Fig. 10 illustrates several interesting properties of the model’s clock slowing p-gestures. Most
obvious is the fact that stronger p-gestures (F) induce more gestural slowing, more peak velocity
reduction, and longer intergestural intervals than weaker p-gestures (E). Likewise, when a
constriction is coproduced squarelywithin the domain of a p-gesture it is more affected than when
onlythe trailing edges are coproduced; i.e., the left gesture in C and the right gesture in D are most
stronglyaffected. Additionally , the overall phase (time) shift generated bya p-gesture, evaluated
Table 2
Simulation results for two gestures sharing the same tract variable, both with and without the presence of a p-gesture
Two gestures, same tract variables No p-gesture (a=0) p-gesture using time scaling (a=0.4)
Raising onset time (s) 0.0732 0.0932
Raising offset time (s) 0.1252 0.1612
Raising duration (s) 0.0520 0.0680
Lowering onset time (s) 0.1252 0.1612
Lowering offset time (s) 0.1934 0.2413
Lowering duration (s) 0.0682 0.0801
Time between peak velocities 0.0400 0.0480
For the ﬁrst phrase-initial gesture (raising), duration was measured from time of raising onset (ﬁrst sample greater than
+1.0 velocityunits) to raising offset (ﬁrst sample less than +1.0 velocityunits); for the second phrase-initial gesture
(lowering), duration was measured from time of lowering onset (ﬁrst sample less than –1.0 velocityunits) to lowering
offset (ﬁrst sample greater than –1.0 velocityunits).
D. Byrd, E. Saltzman / Journal of Phonetics 31 (2003) 149–180 173as the time between the beginning of gesture 1 and the end of gesture 2, reﬂects the area under the
p-gesture’s activation curve. Since the areas under these curves are comparable in B, C, D, G, H,
and I, the resulting overall time shifts are the same; these shifts are greater than in A and E, and
less than in F. Finally, the relative amounts of temporal change ‘‘allocated’’ across the
constriction gestures in the p-gesture’s temporal domain varywith location of the center of gravity
of the p-activation wave with respect to the constriction gestures. This can be a function of either
π  alignment modulated π  strength modulated
π  shaping modulated
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Fig. 10. (A) An unmodulated sequence of two constriction gestures (for reference); (B) a symmetric p-gesture with an
arbitrarystrength of 0.3 centered between two constriction gestures; (C) an earlytemporal alignment of a sy mmetric p-
gesture (strength¼0.3); (D) a late temporal alignment of a symmetric p-gesture (strength¼0.3); (E) a weaker
(strength¼0.1) symmetric p-gesture centered between the constriction gestures; (F) a stronger (strength¼0.5) symmetric
p-gesture centered between the constriction gestures; (G) a symmetrical, centered p-gesture (strength¼0.3) with a
plateau at maximum activation; (H) a positivelyskewed p-gesture (strength¼0.3) centered between the two constriction
gestures; and (I) a negatively(bottom) skewed p-gesture (strength¼0.3) centered between the two constriction gestures.
For each condition, activations are shown in the top panel with the p-gesture activation shaded, and gestural kinematics
are shown in the bottom panel, with position and velocity(thinner line) overlaid.
D. Byrd, E. Saltzman / Journal of Phonetics 31 (2003) 149–180 174the p-gesture shape (e.g., skew) or its relative timing with respect to the constriction gestures; e.g.,
similar effects are observed in C and H, and in D and I. Of course, the magnitude of this local
effect is proportional to the p-gesture’s ongoing strength. So activation peak strength (i.e.,
boundarystrength), center of gravitylocation, and area under the curve are the major
determinants of p-gesture effects.
5.5. Summary of p-gesture simulations
Local slowing of a central clock appears to be a plausible wayto capture prosodically -driven
shaping of articulatorybehavior. Unlike stiffness modulation, which onlyaffects gestural
durations, clock rate modulation generates several experimentallyobserved prosodic effects:
gestural lengthening, reduced intergestural overlap, and increases in spatial magnitude.
6. Future directions
The clock mechanism we have proposed can be invoked to capture speech rate differences (i.e.,
‘‘global’’ timing) associated with sociolinguistic, dialectal, or individual characteristics. Without
further constraint, however, local modulation of clock rate could be engendered byanynumber of
segmental and/or prosodic factors. At this point in the development of the model, we seek to
make and explore conservative assumptions regarding such modulation. In this spirit, we have
restricted our application of this mechanism to the domain of boundary-related phenomena.
Although a clock-modulation mechanism has been invoked byothers to deal with the
consequences of segmental context on the ‘‘temporal microstructure’’ of syllables, e.g., vowel
length before voiced and voiceless consonants (Port & Cummins, 1992), we prefer to look ﬁrst to
an account of such phenomena at the level of intergestural timing (i.e., relative phasing of
gestures) and/or intrinsic gestural dynamics. Local modulation of utterance timeﬂow is, in our
view, limited to characterizing prosodic durational effects. Thus, accentual lengthening mayalso
prove to be a type of local temporal modulation best handled by clock slowing, possibly
accompanied byspatial expansion.
Future simulation and empirical work on prosodic gestures within this framework should
investigate the timecourse and coordination of the p-gestures themselves. Over what interval does
phrase-edge slowing obtain? That is, how remote from a phrase boundaryis slowing observed to
initiate and end? During its domain, what p-gesture activation shaping best captures the slowing
down and speeding up of articulatorypatterning? The coordination of the p-gestures with
segmental and intonational events must be understood. Are the articulatoryslowing effects that
have been observed at phrase edges limited to that position, or can the phonological structure
(e.g., stress) or semantic structure (e.g., informational content) of the phrase attract the slowing
effect awayfrom the veryedge of the phrase earlier or later? Variation in the speciﬁc duration and
coordination of p-gestures might account for certain types of language- and speaker-dependent
differences that have been observed in prosodic realization.
Additionally, how should pausing be handled within this computational framework? Of course,
the articulatorybehavior during pauses of various sorts should be examined experimentallyin
order to evaluate the extent to which p-gestures might generate these intrapausal behaviors. In the
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present—one delimiting the end of the ﬁrst informational unit and one initiating the next? Such a
situation might be explored in terms of the effective ‘‘splitting’’ of one p-gesture into two in the
face of limits on the malleabilityof the clock controlling the ﬂow of speech events. Finally , it is
possible that a cessation or initiation of speaking requires the stopping or starting of the clock.
Such stops and starts are typically coincident with the edges of informational units and, therefore,
would typically be accompanied by a p-gesture under our account.
Further, it remains an open question as to whether activation levels or boundarystrengths of p-
gestures are gradient or categorical in nature. Do the articulatorypatterns at phrase boundaries
suggest the existence of small set of categoricallydistinct boundaryty pes or do theysupport an
analysis in which the strength of disjuncture between phrases can be understood as gradient in
degree?
11 If boundaries are deﬁned gradiently, one would want to explore whether phonological
processes can be understood to take place at all junctures under/above a particular strength,
rather than at a single or arbitrarygroup of phonological phrase categoryty pes?
Finally, modeling of the hypothesized central clock must become more sophisticated and
biologicallyrealistic, for example, involving an ensemble or population of neural oscilla-
tors. These investigations and concomitant computational modeling of their results will provide
a proﬁle of the manner in which multi-gesture articulatorypatterning is shaped byprosodic
context.
7. Conclusion
Understanding the organization of units of speech production as a function of the
informational composition of utterances is critical to developing a uniﬁed account of how
abstract linguistic structure is communicated in spoken language. Articulatorypatterning at
phrase edges is one example of how the surface expression of phonological units can varyin a
linguisticallyprincipled way . We have examined the relation between phrasal structure
and the control and coordination of articulation within a dynamical systems model of speech
production. We suggest that boundary-related durational patterning can be conceived of as
resulting from prosodic gestures or p-gestures, which share much with the familiar dynamical
description of constriction gestures. Pi-gestures, however, function purelyto stretch or shrink
the local temporal fabric of an utterance. This local modulation of the ‘‘clock-rate’’ that controls
the temporal unfolding of an utterance is such that the clock slows increasinglyas the boundary
is approached and speeds up again as the boundaryrecedes. This modulation of local speaking
rate gives rise to kinematic effects that have been observed at phrase edges, and endows
phrases with a degree of temporal elasticity. Viewing phrase boundaries as warping the temporal
fabric of an utterance represents a promising conﬂuence of the ﬁelds of prosodyand of speech
dynamics.
11For an interesting discussion of boundarystrength, see Swerts (1997), who further comments that prosodic labelers
‘‘maybe confused about the exact spot at which a boundaryoccurs, but theymayagree that within a certain ‘‘region’’
there is [a] change of information unit’’ [p. 520]—a phenomenon not incompatible with a prosodic gesture approach in
which the junctural element has a span in time.
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